Introduction
Measurements of the current-voltage (I-V) characteristic of a photovoltaic (PV) device are important in determining its total performance and efficiency. Even though the I-V characteristic can be used to identify a faulty device under test (DUT), it does not reveal any details on where the fault in the solar cells is situated. Unlike I-V measurements, spatial characterisation tools such as luminescence imaging and spectroscopy, lock-in thermography and laser beam-induced current mapping identify the local performance of a solar cell in small areas and allow one to determine the area in which the defect lies [1] [2] [3] [4] [5] . Combined with simulation tools, one can extract more out of a measurement by investigating the effect of a defect throughout a device and on the total performance with, for example, localised I-V distribution mapping [6, 7] . All-in-all spatial characterisation is vital and not only helps to improve device efficiency, but is also beneficial for the understanding of device ageing and fault development, which in turn can aid the improvement of device reliability and lifetime.
Electroluminescence (EL) imaging of PV devices has over the past years become an invaluable tool for both quality control in mass production of PV modules and solar cells, as well as in research and development of new devices and materials. EL imaging measures the radiative recombination of the DUT under forward bias by means of a camera, which makes it a very fast and non-destructive measurement method. It can highlight problem areas of a DUT, even if it seems to perform as expected, by showing minute defects such as cracks, breaks and shunts which may increase in severity in the course of the life of the device. Furthermore, measurements can be used to elucidate the spatial distribution of minority carrier lifetime and diffusion length and parasitic resistances [5, [8] [9] [10] . EL images can also be taken under reverse bias which is useful, for example, to investigate pre-breakdown sites in crystalline silicon solar cells [11, 12] .
The spectral distribution of the emission is lost during standard EL imaging. However, this can provide vital characteristics of the radiative recombination mechanisms. Localised spectrally resolved EL retains the spectral content of the emitted light from the DUT at the cost of much slower measurements. Nevertheless, the additional information is useful for determining the quality of the solar cell, especially when investigating root-cause failure mechanisms. For example, using the reciprocity between EL and quantum efficiency one can investigate the light-trapping properties in the DUT [13] [14] [15] . Furthermore, intrinsic defects such as deep trap states can be investigated. In case of multi-crystalline silicon (mc-Si), spectral EL helps to differentiate crystal boundaries from defects such as cracks, which is difficult by using charge-coupled device (CCD) camera-based EL images alone. Although fast measurement approaches have been developed in which one can differentiate defect types using an indium gallium arsenide (InGaAs) camera with additional filters [16] or light polarisation [17] , most of the spectral information is still lost.
This paper presents a monochromator-based spectrally resolved EL measurement system in combination with a CCD camera-based global EL imaging system (Fig. 1) . The aim is to utilise fast global EL imaging to identify areas of interest, such as defects, and to measure those specific areas using spectrally resolved EL to extract maximum useful information from the emission. In the following, the measurement system and applied measurement methods are described in detail. Measurements of a mc-Si mini-module and an amorphous silicon (a-Si) solar cell are presented and compared against reported behaviour. Finally, ongoing development options of the measurement system are discussed.
Measurement system
The main components of the measurement system, as shown in the schematic in Fig. 2 , are the global EL camera system, the spectral emission measurement set-up, a XY-stage with temperaturecontrolled sample holder and a sample power control. The system is designed for measuring small-area devices, that is, mini-modules, cells and laboratory samples, up to a size of 160 × 160 mm 2 .
System integration
The XY-stage (200 × 200 mm 2 travel length) in the interior of the light-sealed sample stage enclosure (Fig. 3 ) is used to change the measurement point during spectrally resolved EL measurements and move the sample into position for camera-based EL measurements.
The sample holder on top of the stage is temperature controlled via peltier elements. Secondary water cooling is used to remove excess heat from the elements. The sample temperature can be regulated within 15-95°C. Lower temperatures can be achieved, if necessary. This would, however, lead to water condensation on the sample and thus is normally not done. The temperature uniformity over the full sample area of the stage is ±2°C at 95°C, measured using a thermal imaging camera.
The voltage and current input of the sample are controlled using a Keithley 2425 4-wire source unit. It provides direct current (DC) control for global EL measurements and alternating current (AC) square wave excitation for measuring localised spectral EL emissions by the lock-in technique. Since the Keithley source unit is too slow to supply square wave AC output and deliver high-speed internal data acquisition (DAQ) at the same time, it only sources the AC output, but does not actually return any measurements. The current and voltage output to the DUT is measured externally in 4-wire configuration using a national instruments DAQ card. The AC output is timed using a trigger signal from the DAQ card supplied to the Keithley.
Camera-based global EL
Global EL is measured using a 16 bit Apogee Alta F-series camera with an 8.8 mega pixel silicon CCD detector. The detector is actively cooled to −10°C to reduce thermal bias currents and to stabilise the spectral response. The camera optics have no zoom function as this maintains better light yield, and thus reduces exposure times. Instead, the camera is mounted on a guide rail (see Fig. 3 ) to adjust the distance to the DUT. The minimum focused image size is ∼37 × 28 mm 2 giving an image pixel resolution of ∼12 µm. The background noise standard deviation (SD) was measured at six counts over a uniform area excluding defective pixels. Calculated as given in Section 3.5.8 of [18] , this results into a signal-to-noise ratio (SNR) between a 90% saturated EL signal and background of up to 79.6 dB.
Filters to reduce effects of unwanted stray light are currently not used since the enclosure is light tight. Nevertheless, filters can be used to optimise image quality and aid particular measurements, for example, for evaluation of diffusion length as given in a method developed by Würfel et al. [10] .
The source unit is used to supply a constant voltage or current to the DUT while taking the EL image. To remove the background signal, a further image is taken at same conditions without excitation of the DUT. Apart from removing the background this also largely reduces the impact of defective bright pixels from the camera detector. The remainder of the defective readings is removed by applying a 3 × 3 pixel median. After this, the image undergoes a further correction for camera sensor to target distance variations because of angle of view by applying the method described in [19] . Finally, adjustments for camera lens distortions (radial and tangential) are applied. The distortions have been calibrated using the open source computer vision library [20] with images taken of square shapes in a chessboard like, black and white pattern at different positions and angles of rotation. The applied corrections improve the relation between the image taken and the actual output of luminescence from the DUT. Further calibrations can be applied as discussed in Section 4, but have not yet been included into the process.
Spectrally resolved EL
The system used to measure spectral EL emission measures at one fixed position at a time, which is determined by the position of the XY-stage, rather than an image of the complete sample. It utilises a dual-grating SPEX-270m monochromator with two in-house developed detectors. The first detector is used for the wavelength of 300-900 nm, that is, ultraviolet to near infrared. The second InGaAs detector is used for the 900-1700 nm range. This gives a total measurement range for defects from 0.73 to 4.1 eV. Both detectors are temperature regulated to −20°C, which reduce noise, stabilise detector spectral response and reduces thermally induced self-excitation. The photodiode current is amplified by a factor 1 × 10 9 via trans-impedance amplifier. A second-order 3 kHz low-pass filter reduces noise before the signal is digitalised using a 16 bit National Instruments DAQ card.
The bandwidth of the monochromator has been measured using an argon gas and mercury vapour Hg(Ar) spectral emission lamp and is 26 nm full width half maximum (FWHM) at 546 nm for the Si detector and 37 nm FWHM at 1129 nm for the InGaAs detector. The optical input for spectral EL is currently a direct fibre coupling to the sample with a measurement spot size of ∼3 mm diameter. Spectrally resolved EL can be measured using AC and DC excitations of the DUT. The AC method utilises a lock-in technique in which the DUT's input current or voltage is alternated in square waveform using the source unit. The frequency is adjustable up to 200 Hz, limited by the response time of the detectors and the regulation speed of the source unit. The system utilises a digitally programmed lock-in amplifier to extract the measurement signal from the detectors at the excitation reference frequency. Dependent on which is regulated, reference signal is taken from the DUTs current or voltage measurement. A lock-in technique largely reduces background detector noise and other signal fluctuations because of external influences. The SD on the output of the digital lock-in after a 500 ms measurement interval is ∼5 µV at 80 Hz, equivalent to ∼5 fA at both detectors.
The second method applied on the system is a DC mode in which the DUT is energised using a constant excitation current or voltage. This makes measurements more prone to external error influences as such as low-frequency noise and offset drift from the control circuit amplifiers, but would allow for measuring slow responding devices such as dye-sensitised solar cells.
Currently, the calibration of the system has been carried out using a 1 kW Tungsten Halogen standard lamp. To reduce the intensity of the light, the distance of the lamp was increased and a neutral density filter was used. This means that spectral measurements are not accurately represented in the absolute scale and may also have some distortions in the relative scale. Options for improving on this are under review in Section 4.
Device analysis
A single cell a-Si device and a mc-Si mini-module have been measured to demonstrate the functionality and as part of the validation of the measurement system.
Multi-crystalline silicon
The mc-Si DUT is a commercially available mini-module containing nine cells in series on an overall size is 60 × 60 mm 2 . To give an indication of the overall quality of the test device, the I-V-curve in the dark and at standard test condition (STC) is plotted in Fig. 4 . Fig. 5 shows the global EL image of the device with an injected current at short-circuit current (I SC ) of the device measured at STCs, which are the common injection current used when taking EL images, and at 20% of this value to demonstrate the change in the EL emission under lower-series resistance influences. Note that the emission profile is more uniform at low excitation current. This is as expected and because of the stronger influence of series resistance at high excitation current which induces a reduction in operating voltage in the areas away from the busbars. The change in operating voltage at the same time leads to a reduction in the current flow through the junction, and thus the emitted light from radiative recombination.
Using only the EL images is difficult to distinguish the darker lines within the cells in Fig. 5 that are not associated with the cell busbar and fingers between intrinsic defects (crystal boundaries) and extrinsic defects (breakage, cracks). Owing to the difference in the emission spectrum, one can distinguish between them using spectrally resolved EL.
As indicated in Fig. 6 , spectral emission has been measured at three points of interest. All curves show the main emission peak at the indirect bandgap of c-Si at ∼1.1 eV or 1150 nm. Furthermore, at measurement positions P3 and P4 one can see a second peak at 0.78 eV (1600 nm). This peak originates from the intrinsic deep traps in the grain boundaries of the silicon crystals and is identical to what has been reported [16, 21] .
Amorphous silicon
The a-Si sample investigated in this paper is a large area laboratory single cell sample with an area of 90 × 60 mm 2 . This cell was chosen as it showed visible discolouration along the cell length. The cell is darker at the centre and less dark on the outer sides, which is a good indicator of non-uniform performance distribution throughout the device. From the dark I-V-curve and the I-V-curve at STC (Fig. 7) , it is apparent that the device is suffering from a large series resistance loss, which is because of the large size of the cell. Fig. 8 shows the global EL images of the a-Si sample at I SC at STC and at 20% of I SC to highlight the influences of series resistance in the cell. As one would expect from such a large thin-film single cell, it suffers from a significant lateral series resistance loss over the width of the cell between the contacts. Thus, at current injection of full I SC at STC (left of Fig. 8 ) the signal is very strong at the positive side and drops down sharply to a very low single at the negative contact. At 20% of I SC at STC the signal drop is still visible, but not as strong. Apart from the large series resistance, the cell has a small defect in the middle part, which shows slightly darker than the surrounding area. The defect is more notable in the low excitation current image (right of Fig. 8 ). However, since the global EL intensity distribution is uniform along the length of the cell (top to bottom of Fig. 8 ), changes because of discolouration are not notable.
As detailed in Fig. 9 , the spectral emission of the cell has been measured at points along the positive contact side of the cell. It is noted that the main spectral emission peak shifts between the measurements on the left to the right of the cell from ∼0.92 to 1.09 eV. A second peak is visible on the right side emission spectrum at 1.22 eV. To note is that emission spectrum is in relative terms fairly constant across the width of the cell (i.e. direction positive to negative contact) without a shift in emission peak and changes mainly in absolute terms (Fig. 10) . The spectral emission of the small defect area was measured in addition. However, it was not possible to distinguish between the variation of emission spectrum throughout the width of the cell and the defect. This may be because of the large spot size of the detector input, which is bigger than the defect area and thus defective and healthy areas are measured in a combined signal.
Very little to no emission has been measured at the effective bandgap of the a-Si device, which would be at ∼1.75 eV. Instead the dominant radiative recombination peaks have been found at much lower photon energies. In principle, the shape of the emission is comparable with reported behaviour of hydrogenated a-Si:H [22] [23] [24] [25] . Nevertheless, the emission is dependent on many factors as such as temperature, i-layer thickness and material composition (for example, hydrogen content). The exact cause of the shift in emission spectrum has not been further investigated as part of this paper.
Discussion and development options
Although the combined measurement system is operational, there are a wide range of options for improving the specifications of the system and thus its functionality. Those options can be found in three main areas: system set-up, calibration and interaction between global EL and spectral EL. Those are discussed as follows.
Since the measurement spot is large, an averaged emission over the optical fibre input area (3 mm diameter) was measured. This can be problematic when measuring small defect areas such as grain boundaries. Additional microscope optics can reduce the measurement spot to <100 µm, which would ensure such details can be measured accurately. However, this also means that the EL signal intensity on the detectors is reduced. Furthermore, to keep the light throughput as large as possible, the bandwidth of the monochromator was kept very large. Reducing the bandwidth with smaller monochromator slits to ∼4 nm FWHM would on one hand improve the detail in the measured emission spectrum, but on the other hand reduces the signal at the detectors by a factor of ∼40, which reduces the SNR. To be able to keep a good signal with reduced bandwidth and measurement spot size, the optical efficiencies of the monochromator and fibre input have to be improved at the same time.
An important aspect for low measurement uncertainty is a good calibration of the measurement system. The high sensitivity of the spectral EL detectors makes its calibration a challenging task. To improve on it, one would need a low-power standard lamp or similarly as mentioned by Trupke in [26] , a black-body radiator. Additionally, a camera calibration for global EL measurements is important to correct for the CCD camera optics and non-uniformities in pixel sensitivity. This can be done using a uniform light source with the spectrum of interest (ideally from a solar cell) and either a defocused lens as indicated in [19] or focused lens as reported in [27] . Finally, the linearity of system parts is an important factor to investigate.
With regard to the combined measurement system, it is important to mention that the interaction between both parts (i.e. selection of points and areas of interest for spectral EL measurements from global EL images) was at the point of writing, a manual process. The goal would be automation of this process, which requires implementation of advanced image processing methods for selecting points of interest and detecting irregularities. A range of image analysis methods have been developed in the past years, some of which are utilised in manufacturing; a review has been compiled by Israil et al. [28] . A particular method of interest has been developed by Tsai et al. [29] utilising Fourier image reconstruction.
Summary and conclusions
A combined CCD camera-based global EL and monochromatic-based spectral EL measurement system has been presented and its hardware configuration as well as the applied measurement methods have been described in detail. Demonstrative measurements of a mc-Si and a-Si devices show a comparable agreement with reported behaviour and highlight the advantage of using a combination of a fast EL imaging technique with detailed EL emission spectrum measurements. Investigating defects and other points of interest is possible with greater detail and one can yield further information on the material uniformity variations, details that otherwise might have been missed.
The full potential of the measurement system can be realised by implementing the discussed options for ongoing developments in the measurement set-up, calibration and system integration.
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